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Abstract—This paper presents an investigation into the ef-
fects of a novel rotor cut-off design on the performance of a
synchronous reluctance machine. The rotor design consists of
a sinusoidal lamination shape in the axial direction thereby
varying the magnetic flux in the q-axis direction and reducing
torque harmonics due to slotting effects. The presented study
uses single-factor experimental design, with Analysis of Variance
(ANOVA), and Finite Element Analysis (FEA) to quantitatively
and qualitatively assess the effects of the rotor cut-off on the
torque, torque ripple, saliency, power factor and efficiency of
the machine. Results of the investigation indicate that although
variation in the rotor cut-off design significantly reduces the
torque ripple, the effects on the average output torque, saliency,
power factor of the machine are relatively insignificant.
Index Terms—Synchronous Reluctance Machine; Rotor De-
sign; ANOVA; FEA.
I. INTRODUCTION
The synchronous reluctance motor (SynRM) has become
increasingly popular in many modern controlled-drive applica-
tions due to several advantages over its AC counterparts inter
alia high torque and power density, wide speed range, and
high efficiency [1]. However, there are still drawbacks with
SynRMs such as the problem of torque ripple. This problem
is mainly due to the interaction between spatial harmonics of
the electrical loading and the rotor anisotropy. Over the past
two decades various rotor designs have been proposed with
the aim of reducing torque ripple. This includes the use an
asymmetrical flux barrier [2]. The method consists of shifting
the relative position between the edge of each flux barrier and
stator teeth by a certain angle. In [3], asymmetrical flux barrier
angles and a flipped rotor structure have been presented as an
approach to torque ripple reduction without compromising the
average torque. A novel strategy to compensate the torque
harmonics of the SynRMs has also been presented in [4] and
[5]. This is achieved by forming the rotor with laminations
of two different types called ”Romeo (R-type) and Juliet (J-
type)”. More recently, a novel method of mitigating torque
ripple using transversally laminated anisotropic (TLA) rotor
with an axially-sinusoidal shape has been presented [6]. The
sinusoidal shape is achieved through utilising different rotor
cut-off dimensions along the length of the rotor thereby
varying the magnetic flux in the q-axis direction and reducing
torque harmonics due to slotting effects. The aim of the
presented investigation is to analyse and assess the effects of
this novel rotor design on specific performance parameters of
the machine. Single factor experimental design, with ANOVA,
is used in conjunction with FEA to qualitatively and quanti-
tatively assess the significance of varying the rotor cut-off on
the torque, torque ripple, saliency, power factor and efficiency
of the machine.
II. SYNCHRONOUS RELUCTANCE ROTOR DESIGN
A. Basic Design Parameters
The specifications of a traditional 5.5 kW, three-phase, 50-
Hz, induction machine are used to design and model the
SynRM. Figures 1a and 1b show the cross-section of the basic
SynRM with cut-off on the q-axis and Table I gives the general
design specifications of the machine. The aforementioned
novel rotor design consists of laminations with identical flux
barriers and different cut-offs. The cut-off angle (αc) and cut-
off pitch angle (τp), near the airgap along the q-axis direction,
are varied while the cut-off height (hc) is kept constant. (τp)
is varied by a fifth of the stator slot pitch and (αc) is varied
by a relatively very small value as given by (1) and (2), where
k represents the lamination number.
τpk ∈
[
3αS ,
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5
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(1)
αck ∈
[αS
5
,
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]
(2)
TABLE I: Design Specifications for the SynRM
Description Values
Stator slot pitch αS 10o mech
Airgap length lg 0.45 mm
Barrier height hb 12 mm
Barrier width wb 6 mm
Barrier Pitch βp 15o mech
Cut-off angle αc 25o mech
Cut-off Pitch τp 48o mech
Cut-off height hc 5 mm
Iron width wi 6.5 mm
Stack length 160 mm
Number of pole pairs 2
Number of stator slots 36
Rotor radius Rr 48.5 mm
Stator radius Rs 31.62 mm
Shaft radius Rsh 24 mm
Yoke height yh 12.87 mm
Barrier end radius bER 2.8 mm
Radial rib length Lrr 2 mm mm
Tangential rib length Ltr 2 mm
(a)
(b)
Fig. 1: Cross-section of the SynRM basic model with cut-off
on the q-axis, (a) main machine dimensions, (b) rotor design
specifications.
Figures 2a, 2b and 2c show the cross-section of axial
sinusoidal laminations, orientation thereof in relation to the
stator slots and the 3D view of the rotor core, respectively.
B. Performance Parameters
The performance parameters of interest in the presented
study are the torque, torque ripple, power factor, saliency and
efficiency. These are typically the indices of interest when
assessing the effectiveness of the SynRM [8], [9]. The torque
ripple factor defined as the ratio of peak to peak torque
value to average torque (Tav) is adopted for torque ripple
calculation [10], which is given by (12). In the design, the
ratio of air insulation to iron on the q-axis was kept above
unity to obtain a good saliency. The torque is directly related
to the difference between the two axis magnetizing inductances
ΔL = Lmd−Lmq , while the maximum power factor PFmax
depends on the ratio of two-axis magnetizing inductances
ξ = Lmd/Lmq [7].
(a)
(b)
(c)
Fig. 2: Novel SynRM rotor design, (a)cross-sectional shape,
(b) laminations in relation to stator slots, and (c) 3D view of
the rotor core.
The different stack laminations were modelled to attain their
maximum average torque at a current space vector angle of
45o elec. The maximum power factor, the current space vector
angle θ, the airgap flux density angle (load angle) δ, and the
maximum torque and maximum power factor field weakening
ratios K
∣∣∣
max T
and K
∣∣∣
max PF
are calculated as follows [11]:
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The torque expression in (8) is for constant current operation
and in (9) for constant voltage operation. Both equations are
dependent of airgap flux density angle (load angle) [11].
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Where Em is rms value of the SynRM airgap electromotive
voltage. The efficiency of the machine is determined using
(10), where Pcu is the stator copper loss and Pco is the total
iron losses. It should be noted that the friction, windage and
stray losses are neglected in the computation of the efficiency.
η =
Pout
Pout + Pcu + Pco
(10)
III. METHODOLOGY
A. Finite Element Model
The FEA is carried out with the machine simulated at a
constant speed and frequency of 1500 rpm and 50 Hz, re-
spectively. The machine model consists of three-phase double-
layer lap windings which are chorded by one slot and excited
by 3-phase sinusoidal currents. The SynRM is started at an
initial position of θ = 17.5o such that phase A is opposite
to the d-axis. Separate models were created corresponding to
the different rotor cut-off designs. Each of the models were
simulated at a current space phasor angle of 45o electric.
Fig. 3 shows the magnetic flux density distribution for two
different rotor designs - i.e. one without cut-off and with cut-
off (αc = 25o mech, τp = 48o, hc = 5 mm), with d-axis
current id = 8 A and q-axis current iq = 8 A.
(a)
(b)
Fig. 3: Flux density distribution for the SynRM, (a) with cut-
off (αc = 25o mech, τp = 48o, hc = 5 mm), (b) without
cut-off.
B. Single-Factor Analysis of Variance (ANOVA)
ANOVA is typically utilised in the experimental design but
can offer analytical benefits to the design process. Single-
factor ANOVA is used here to investigate effects of the rotor
cut-off design on the torque, torque ripple, power factor and
saliency of the machine. Essentially, single-factor ANOVA is
used in experimental design to determine what factors affect a
specific response variable [12]. In the presented investigation,
ANOVA is used to determine the significance of specific rotor
cut-off designs on each of the response variables of interest.
The effect of each cut-off treatment is analysed for each
response variable and ANOVA essentially tests the following
hypothesis - i.e. null and alternative - for each case:
1) H0 - Means of response for each rotor cut-off treatment
are equal.
2) HA - Means of response variable for each rotor cut-off
treatment are different.
The null and alternative hypotheses suggest that the specific
cut-off treatment does and does not, respectively, have a signif-
icant effect on the response variable of interest. Additionally,
ANOVA provides parameters which test the extent of this
significance. This enables the additional assessment of the
effect of each cut-off treatment on each response variable. The
single-factor ANOVA experimental design is summarised here
using Table II.
TABLE II: Summary of single-factor ANOVA model
Source of SS df MS F p-value
Variation
Between SSB dfb MSB MSB P (F
Groups = g-1 = SSB/dfb /MSW > Fcrit)
Within SSW dfw MSW MSW
Groups = N -g = SSW/dfw
Total SST dft
= N -1
SSB =
g∑
i=1
ni(x¯i − x¯)2 (11)
SSW =
g∑
i=1
ni∑
j=1
(xij − x¯)2 (12)
N =
g∑
i=1
ni (13)
where:
SS = sum of squares,
df = degrees of freedom,
MS = mean squares,
F = ratio of between- and within-group variance,
p-value = probability of obtaining F -value (or more
extreme) under the null hypothesis,
F -crit = critical value of F -distribution,
g = number of groups,
ni = number of observations in group i,
x¯ = overall average across all groups, and
xij = j
th observation in group i.
C. Overview of Method
The main steps carried out in the assessment of effect of
the rotor cut-off design on the response variables of interest
are given in Fig. 4. The different rotor cut-off configurations
serve as different treatment levels for the ANOVA model -
i.e. 11 different treatments (including no cut-off). Dimensions
of the cut-off are predetermined according to the design
criteria described section II-A. Thereafter, each unique cut-
off design is implemented on a separate machine FEA-model
and simulated. For replication purposes, a subroutine was
implemented to randomly vary the excitation by 5% in order to
mimic the randomness that is inherently achieved under typical
experimental conditions. Each of the 11 models is simulated
with 11 different currents for a balanced ANOVA design.
Fig. 4: Overview of evaluation methodology.
The responses of the torque, torque ripple, saliency, power
factor and efficiency are determined for each replication of
the different treatment levels. ANOVA is then performed on
these data using a significance level of 0.05, corresponding to
a 95% confidence interval.
IV. RESULTS
The simulation results for the average torque and torque rip-
ple responses for each cut-off treatment (for a single current)
are given in Figures 5a and 5b, respectively. Cut-off treatments
1 to 11 corresponding to a decreasing cut-off area ranging
from the largest area to no cut-off. Hence, treatment level 11
corresponds to the rotor cut-off at the axial mid-point of the
machine with a sinusoidal lamination shape rotor design. The
results indicate that the cut-off variation has a more noticeable
effect on the torque ripple in comparison to the average torque.
Furthermore, there is no apparent pattern to the behaviour
of the torque ripple responses relative to the treatment. This
emphasises the need for a method such as ANOVA to provide
definitive assessment of the significance of varying such a rotor
parameter. Hence, single-factor ANOVA is performed on the
machine responses for each of the different treatment levels
and replicated 11 times.
(a)
(b)
Fig. 5: Response variables for each rotor cut-off treatment (a)
average torque output, and (b) torque ripple.
Tables III and IV summarise the results for ANOVA with
the average output torque and torque ripple responses, respec-
tively. The p-values in Tables III and IV are both below the
significance level (0.05), with both F -values greater than F -
crit (1.92).
The aforementioned null hypothesis H0 may be rejected for
the average torque output and torque ripple parameters. This
implies that the variation in the cut-off design does affect both
the torque and torque ripple, however it can be seen that the
p and F values are much smaller and larger respectively for
the torque ripple case than for the torque.
TABLE III: Summary of ANOVA for different cut-off treat-
ments with average output torque as response variable
Source of SS df MS F p-value F -crit
Variation
Between 0.79 10 0.08 9.74 1.71E-11 1.92
Groups
Within 0.89 110 0.01
Groups
Total 1.68 120
TABLE IV: Summary of ANOVA for different cut-off treat-
ments with torque ripple as response variable
Source of SS df MS F p-value F -crit
Variation
Between 7841 10 784 1.7E4 2E-170 1.92
Groups
Within 5.11 110 0.05
Groups
Total 7846 120
TABLE V: Summary of ANOVA for different cut-off treat-
ments with saliency as response variable
Source of SS df MS F p-value F -crit
Variation
Between 10.37 10 1.04 0.55 0.85 1.92
Groups
Within 207.58 110 1.89
Groups
Total 217.95 120
TABLE VI: Summary of ANOVA for different cut-off treat-
ments with power factor as response variable
Source of SS df MS F p-value F -crit
Variation
Between 6.02E-4 10 6.02E-5 0.45 0.98 1.92
Groups
Within 14.71E-3 110 1.34E-4
Groups
Total 15.31 120
TABLE VII: Summary of ANOVA for different cut-off treat-
ments with efficiency as response variable
Source of SS df MS F p-value F -crit
Variation
Between 0.71 10 7.14E-2 11.92 1.05E-13 1.92
Groups
Within 0.66 110 5.99E-3
Groups
Total 1.37 120
Simply put, the effect of variation in the cut-off design on
the torque ripple is significantly smaller than on the actual
torque. Responses for the saliency and power factor for each
treatment (and replication) were determined as described in
section II-B. Results of ANOVA for each of these parameters
are given in Tables V and VI. The p-values are both above
the significance level, with both F -values greater than F -
crit. This implies that, unlike with the case of the torque
ripple, H0 cannot be rejected and the effects of varying the
cut-off configuration on the saliency and power factor are in-
significant. The efficiency of the machine was also determined
for each replication of each cut-off treatment. ANOVA was
performed on the efficiency as with the previous response
variables (results given in Table VII). H0 may be rejected
in this case which implies that the variation in the cut-off
configuration does have a significant effect on the efficiency
of the machine. Moreover, the extent of the effects on the
efficiency is relatively smaller than on the torque ripple - as
in the case of the output torque.
V. CONCLUSION
The effects a novel rotor design for a SynRM on key per-
formance parameters have been investigated via an ANOVA-
FEA based methodology. This design consists of an axially-
sinusoidal lamination on the rotor achieved by varying the
rotor cut-off configuration. ANOVA was used to qualitatively
and quantitatively assess the significance of cut-off modifica-
tion on the torque, torque ripple, saliency, power factor and
efficiency of the machine. Results indicate that the torque,
torque ripple and efficiency are affected by variation in the
cut-off configuration while the effects thereof on saliency
and power factor are statistically insignificant. It should be
highlighted that the extent of the effects on the torque and
efficiency of the machine are relatively smaller in comparison
to the torque ripple. Therefore, the torque ripple can be
reduced through varying the cut-off configuration in the pre-
sented manner without compromising other key performance
characteristics of the machine. The presented ANOVA-FEA
based methodology also provided definitive assessment of the
response variables’ behaviours which are otherwise difficult to
interpret or erroneously evaluated.
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